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Abstract: This study proposes a method for observing the inside of a temporary struc-
ture covered with a construction safety net using an image processing technique and 3D
modeling. Images of the temporary structures were obtained using unmanned aerial
vehicles (UAVs). Observing the inside of temporary structures is limited to using UAVs
due to construction safety nets that act as obstacles. To solve this problem, the histogram
equalization and grayscale stretching techniques were used to visualize the inside of a
temporary structure covered by safety nets. After verifying the proposed method with
small scale specimens, the proposed method was applied to climbing formwork installed at
a construction site. Three-dimensional modeling technique was combined with improved
images that were processed using the proposed method. The results indicated that the
proposed method could identify internal objects that were not visible owing to safety nets.
By comparing the original and improved images obtained through applying the proposed
method, four target objects located inside the climbing formwork that were not visible ow-
ing to safety nets were sufficiently identified in the improved images. Thus, the proposed
method can be effectively applied to identify the internal objects of temporary structures
covered with safety nets.

Keywords: temporary structure; construction safety net; image processing technique;
3D modeling; unmanned aerial vehicles (UAVs); internal observation

1. Introduction

Various methods have been employed to prevent accidents at construction sites,
among which, the use of unmanned aerial vehicles (UAVs) as safety management tools at
construction sites is increasing [1,2]. One of the areas where UAVs are likely to be used
at construction sites is for the safety management of temporary structures. During the
construction process, it is important to check the structural defects of the temporary struc-
ture and the working conditions in the temporary structure, such as scaffolding, supports,
and climbing formworks. Site managers apparently have trouble managing the installa-
tion condition of temporary structures and the unsafe behavior of workers, especially for
large construction sites and high-rise buildings because access and movement are time-
consuming. If UAVs can be used to inspect temporary structures attached to the exterior of
buildings, site managers can efficiently manage the temporary structures.
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However, when observing the inside of a temporary structure from the outside using
UAVs, it is difficult to determine the accuracy of the installation condition of the structural
members and the condition of workers wearing personal protective equipment, owing
to the attachment of the construction safety net, which should be installed on the outer
surface of the temporary structure in the form of a net and fixed to the temporary structure
members to prevent workers from falling. Thus, the utilization of UAVs is limited because
the safety net acts as an obstacle for viewing the internal object from the images obtained
by UAVs. As far as the authors know, there is no method available to observe the inside of
a temporary structure covered with a construction safety net. The only existing method
is to visually observe the image of the temporary structure covered with the construction
safety net, but the presence of the safety net makes it impossible to clearly observe the
inside of the temporary structure. To solve this problem, a new approach based on an
image processing technique that can reduce the blocking phenomenon of the construction
safety net is necessary.

Various studies have been conducted on methods utilizing images obtained from UAVs,
in particular in the fields of construction sites, military, disaster management, environmental
monitoring, digital mapping, and orthographic image production [3-10]. The use of UAVs
and 3D scanning is also increasing in the field of cultural heritage and archeology, where
precise data and detailed work are required [11-13]. Specifically, an UAV image-based
facility inspection method [14] was proposed as an alternative to the conventional visual
inspection method to efficiently inspect aging facilities. In this method, a reference image
database is built based on images captured using an UAV, and the newly acquired images are
automatically processed to identify and check for the deformed parts on the target surface of
the facility. The applicability of UAV imaging for surveying construction sites and confirming
their compliance with installation standards for temporary structures to improve safety
management at construction sites was also studied [15]. Owing to the advantages of UAV
image acquisition, it is possible to quickly document the condition of a construction site and
measure it without interfering with the work of field personnel.

UAV imaging enables the study of image segmentation, character /face recognition, and
extraction of meaningful areas from images. These image processing techniques are widely
used in the architecture, medicine, military, and meteorological fields [16,17]. Recently, to
overcome the limitations of the existing contrast enhancement techniques, an image contrast
enhancement technique based on a clustering method, such as histogram stretching and
histogram equalization, was proposed [18] because image contrast enhancement plays an
important role in image processing. The number of clusters in the histogram was determined
by analyzing the histogram of the original image, and the K-means algorithm [19] was used
as the clustering method. Histogram equalization and stretching were selectively applied by
comparing the histogram cluster range and ratio of the number of pixels in the cluster to the
clustered images.

A method to overcome the limitations of UAVs is to combine image processing and
3D modeling. Accurately identifying the safety status of temporary structures is limited
owing to the low resolution of the images captured by UAVs of the entire building in one
sheet [20]. Three-dimensional (3D) modeling can supplement the limits of the inspection
area identified by a flat image. Image registration is a process that determines a correspond-
ing relationship when there is a part in which the same object appears in different images.
In the field of computer vision, it is easy to find a corresponding relationship if two given
images are nearly identical. However, if various transformations are provided between the
two images, it is difficult to find a corresponding relationship [21-23].

To solve this problem, we utilized a method for separating the ground and building
areas via a planarity analysis using an UAV-based point cloud that can be generated at
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a low cost and can automatically create a building model. This technique performs a
planarity analysis using the generated point cloud, selecting a ground plane, removing
the ground from the point cloud, and generating an orthographic projection image using
the point cloud and original point cloud [24]. Using the orthographically projected image,
building candidates were selected via the outline detection algorithm, and non-buildings
were excluded from the candidates using the building conditions. Finally, a 3D building
model was created by converting the selected building area into 3D ground coordinates
and specifying the height value.

Considering research related to safety nets, most of the research regarding safety nets
involves comparative studies of regulations related to safety nets [25,26]. Research on
using UAVs to prevent safety accidents at construction sites is increasing, but most research
areas are 3D modeling [27,28], safety inspections [29,30], and monitoring unsafe working
conditions using deep learning [31,32]. Even in research on obstacles that make it difficult
to apply UAVs to construction sites, there is little research that mentions problems caused
by safety nets installed on temporary structures [33].

To the best of our knowledge, no research has been conducted regarding the internal
observation methods for the construction of safety nets. This study contributes to the reduction
in accidents at construction sites by proposing a technology that can observe the internal
objects inside construction safety nets installed at construction sites. The purpose of this study
was to propose an observation method that can identify the internal objects inside a temporary
structure covered with a construction safety net using an image processing technique and
3D modeling. The proposed method can be helpful in inspecting temporary structures by
observing changes in their installation status, dismantling of connections, and damage during
various operations that occur after net installation. This is performed by comparing the image
before installing a construction safety net and the image processed through the proposed
method after safety net installation. When applying temporary structure safety inspection
technology using Al, images taken before construction safety net installation can serve as a
guide when observing image processed images after net installation.

2. Proposed Method
2.1. Temporary Structure Inside Observation Process

The proposed method, which can observe the internal objects inside a construction
safety net, is shown in Figure 1. UAVs were used to capture pictures of a temporary
structure with a target construction safety net installed, and image processing techniques
were used for internal observations. Histogram equalization and grayscale stretching
techniques were used for image processing, and 3D modeling was performed.

| Shooting of temporary structures using UAVs ‘

| Input shooting images ‘

| Applying the proposed image-processing method ‘

| 3D modeling for considered temporary structures ‘

| Output : Enhanced images and 3D models ‘

Figure 1. Proposed process for the internal observation of a temporary structure with safety nets.
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2.2. Image Processing Method

The proposed image processing method is shown in Figure 2, which focuses on a combi-
nation of various image processing techniques to reduce blocking caused by construction safety
nets. The main techniques used in the image processing sequence are histogram equalization
and grayscale stretching, which are well-known image processing techniques [34,35].

I Input images of temporary structures ‘

!

’ Separate image into R, G, and B channels ‘

!

I Image histogram equalization ‘

!

’ Image grayscale stretching ‘

!

I Reintegrate R, G, and B channels ‘

!

’ Output processed images of temporary structures ‘

Figure 2. Proposed image processing sequence.

The original image was uploaded to the program developed in Step 1. In Step 2, the
colored image in the uploaded file was converted to grayscale and separated into R, G,
and B channels in grayscale units. In Step 3, the image histogram equalization technique
was applied to the R, G, and B channels, which improved the resolution by equalizing the
histogram shape deflected to one side. In Step 4, the image grayscale stretching technique
was applied to the R, G, and B channels, which improved the contrast by converting images
with pixel values ranging from 0 to 255 to “0” below the reference value, multiplied by a
certain amount for the pixel value in the center, and “255” above the last reference value.
The relationship between the output value and input value of the grayscale technique is as
shown in Equation (1):

f (x, y ) — Gonin
g(x’ y) B Gmax — Guin X2 @
where g(x, ) is the output value of grayscale technique and f(x, y) is the input value. G,;,, and
Guax are the lowest and largest grayscale values among the pixel values of the input image.

In this study, the input and output values were set as follows to improve image contrast.
For the internal observation of the safety net, the input values were set to 0-64 and 191-255,
and the output values were set to 0-95 and 190-204. In Step 5, the R, G, and B channels
were integrated and converted into a 3D image, which produced an improved image in
Step 6 (last step). The image processing technology used a MATLAB program to apply
histogram equalization and grayscale stretching techniques, and controlled construction
safety net from the images obtained.

3. Small Scale Experimental Test
3.1. Experimental Temporary Structure

The efficiency of the proposed method may vary depending on the color and de-
nier value of the construction safety net. In this study, widely used construction safety
nets in Korean construction sites were considered to test the feasibility of the proposed
method. As the denier of the construction safety net most commonly used at Korean con-
struction sites is 1500 denier, the temporary experimental structure was manufactured
using a 1500-denier construction safety net (Figure 3a). A denier indicates the fiber density.
Since colors such as blue, gray, red, and green are mainly used in construction safety nets,
a blue safety net was considered in the small-scale experimental test.
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Figure 3. Temporary experimental structure: (a) Photo of temporary structure considered; (b) Length
of temporary structure (unit: m).

The dimensions of the temporary structure were 3.10 x 1.27 x 2.32 m; the length of
each end of the vertical member was measured to minimize the measurement error owing
to the structural displacement during 3D modeling (Figure 3b). In addition, to check the
effect of the image processing technique, three “X” shape marks were applied using red
tape on the back wall of the temporary structure. The “X” markings in the red circle of the
photo are vaguely demonstrated. In addition, a hard hat, tape measure, and hammer were
randomly placed on the work platform to compare the difference between the original
image and the image improved with the application or proposed method.

3.2. Image Shooting

When taking images of the target temporary experimental structure, weather conditions
(e.g., rainy or snowy days) and positions (e.g., backlighting) are important factors because they
affect the illuminance of the image. As the visibility of the processed image can be affected by
the illuminance of the original image, the proposed method may be affected to some extent by
the illuminance. As this study focused on verifying the feasibility of the proposed method,
image shooting was conducted under good weather conditions and no backlight.

The used UAV is not an expensive piece of equipment considering its field applicability,
and it is easily available. The temporary structures were photographed using the DJI Mini 2
model, which can determine its own position and stabilize itself by using a GPS and downward
vision system. The specifications of the used UAV are listed in Table 1. The shooting path
(Figure 4) was semicircular, at altitudes of 2 m and 4 m and angles of 30 °and 45°, respectively,
to the ground centered on the specimen. A total of 100 images were obtained.

Table 1. Specifications of UAV (DJI Mini 2 model).

Category Content Category Content
Fov: 83°
1/1.2" CMOS, 35 mm format
Camera sensor Effective pixels: Camera lens eq;ivalent:
12m mm

Aperture: £/2.8
Focus range: 1 m to co

Takeoff weight 249 ¢ Max ascent speed 2m/s
GPS + GLONASS +
Max speed 6m/s GNSS ALILEO

Max flight time 31 min Max descent speed 1.5m/s
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Figure 4. Image shooting path.

3.3. Comparison of Original Image and Improved Image

The original image was modified using the proposed image processing method.
In Step 2, the original image was divided into R, G, and B channels after the colored image
was converted to grayscale. Figure 5 confirms that the original image was biased towards a
certain pixel value. In Step 3, the shape was deflected to one side (Figure 6) by applying
the image histogram equalization technique to the R, G, and B channels. Figure 7 presents
the results of the image grayscale stretching technique, which was applied to the R, G, and
B channels in Step 4.

50 100 150

(b)

Figure 5. Results of the image separated into R, G, and B channels and the histogram in Step 2:
(a) Red, green, and blue channels; (b) Histograms of red, green, and blue channels.
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Figure 6. Results of the image separated into R, G, and B channels and the histogram in Step 3:
(a) Red, green, and blue channels; (b) Histograms of red, green, and blue channels.

Figure 7. Results of the image separated into R, G, and B channels and the histogram in Step 4:
(a) Red, green, and blue channels; (b) Histograms of red, green, and blue channels.

After Step 5, the improved image was presented by integrating the R, G, and B channels.
Figure 8 shows a comparison of the original and improved images. The interior of the
construction safety net in the original images prior to the application of image processing
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cannot be sufficiently visualized, including the “X” mark and other objects placed on the
work platform (Figure 8a). On the contrary, in the improved image with the implementation
of the proposed method, the red “X” mark was clearly discerned. The overall identification
of objects on the work platform apparently improved (Figure 8b). Considering the hard hat,
the shape appeared to be more clearly identified, although it was also partially identified
in the original image. The hammer that was not visible in the original image appeared
somewhat identifiable in the improved image. The shape of the hammer was not clearly
identifiable because the color of the working platform and body of the hammer were the
same. The measuring tape was also approximately identifiable in the improved images.

(@) | | )

Figure 8. Comparison of the original and improved images: (a) Original image (Step 1); (b) Improved
image (Step 6).

3.4. Three-Dimensional Modeling

The image taken as a single photo of the temporary structure using UAVs has low
resolution, so it is difficult to accurately inspect the status of the temporary structure.
To solve this problem, the temporary structure was photographed from various sides and
angles and 3D modeling was applied. Three-dimensional modeling naturally connects the
entire shooting area as a single image based on the characteristics of the overlapping areas
to overcome the limitations of cameras with a narrow view as well as the contrast of the
area photographed. The point-cloud transformation of a two-dimensional image captured
by the UAV is a set of identifiable reference points in the captured image. Point cloud-based
3D data conversion is a 3D mesh construction process that expresses point cloud data in
3D using triangles of various sizes.

For 3D modeling, the Pix4D mapper program was used, which is an image processing
software based on a technique for automatically finding common points between images of the
target structures. The features of this program include the identification of a number of feature
points in an image and their connection between images. In this study, after performing image
processing on the 2D images acquired by an UAV, 3D modeling is carried out in the following
steps: initial matching of images (step 1); point cloud and mesh generation (step 2); Digital
Surface Model (DSM) Digital Terrain Model (DTM), Digital Elevation Model (DEM), and or-
thoimage creation (step 3). The 3D modeling process is shown in Figure 9. Figure 10 presents
the results of steps 1 and 2, which include the shooting angle of the UAVs, point cloud of the
experimental temporary structures, and triangular mesh for considered temporary structure.
A ground control point (GCP) survey was conducted to convert the coordinate values of the
captured images into ground coordinates. Three GCPs representing the highest resolution
and positioning accuracy were set.
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Figure 10. Three-dimensional modeling: (a) Shooting angle; (c) Point cloud creation; (c) Triangular
mesh creation.

Image distortion must be taken into consideration in 3D modeling using an UAV.
The main causes of image distortion in 3D modeling include errors in the shooting process
(flight path, camera angle, lack of overlap) and the image processing process (alignment
errors, lack of feature points). In order to mitigate distortion, the planned flight path
was maintained when shooting with an UAV and data density was increased by securing
70-90% overlap and shooting at various altitudes. Additional methods to reduce distortion
include improving camera image quality and adding GCP to improve location accuracy.

To quantitatively evaluate the 3D modeling results, GSD (Ground Sampling Distance)
and RMSE (Root Mean Square Error) were evaluated. GSD refers to the distance that one
pixel occupies on the ground. The smaller the value, the higher the resolution, and the more
precise the 3D model is created. RMSE represents the average error between predicted
coordinates and actual coordinates, and the smaller the value, the more consistent it is with
the actual structure. The following represent the GSD and RMSE evaluation equations.

HxS

GSD = o

@

RMSE =

S| =

ﬁx X4 (Y- Y+ (2 22), ®

where H is the UAV’s flight altitude (m), S is the pixel size of the sensor (mm), and F is the
focal length of the lens. X, Y, Z are the actual coordinates and X, Y/, Z' are the coordinates
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predicted by the model. n is the number of data points. The GSD and RMSE evaluation results
for 3D modeling of the considered experimental temporary structure are shown in Table 2.

Table 2. Quantitative evaluation metrics of 3D modeling quality.

Category GSD (cm/pixel) RMSE (cm)
Value 0.49 1.3

4. Field Experiment
4.1. Temporary Structure

The temporary experimental structures used to verify the proposed method are limited
in size and are typically smaller than the actual temporary structures installed at construc-
tion sites. An onsite test was conducted to investigate the effectiveness and feasibility
of the proposed method. The temporary structure considered was a climbing formwork
(crane-climbing type) covered with a construction safety net that was used to build the
apartment (Figure 11a). The color of the construction safety net installed on the climbing
formwork is gray, and the denier value is 1500.

(a)

Figure 11. The climbing formwork and shooting points are considered: (a) Photo of considered
climbing formwork; (b) Shooting point.

For the 3D modeling, 100 images were captured using an UAV. To achieve high-quality
3D modeling, each photograph was acquired at 30° and 45° downward angle relative to the
front of the UAV, ensuring an overlap rate of more than 90% in the vertical direction and 80%
or more in the horizontal direction (Figure 11b). Image shooting of the climbing formwork
was conducted in clear weather conditions. In the case of backlighting conditions, image
shooting was conducted with a certain amount of backlighting occurring.

4.2. Verification of Proposed Image Processing Method

To validate the applicability and effectiveness of the proposed method, target objects
inside the climbing formwork covered with a safety net were selected. The four objects
were safety signs, personal protective equipment worn by workers, climbing formwork
ladders, and work platforms, which are essential equipment to ensure the safety of workers.

Regarding identification of the safety signs, the original and improved images were
compared, as shown in Figure 12. The Korean text on the safety signs was regarding
the dismantling of the bolt of the climbing formwork. A typical accident that occurs in
climbing formworks is when workers arbitrarily disassemble the connection bolt before
the lifting hook is fastened to the climbing formwork, causing the workers to fall. The red
circle mark shown in Figure 12 indicates that the dismantling of connection bolts @) and 7
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is prohibited before fastening the lifting hook to the climbing formwork. In the original
image, it was difficult to recognize the attachment state of the safety sign and text owing to
the construction safety net (Figure 12a). However, the application of the proposed image
processing technology leads to an enhancement in the image contrast, thereby improving
the visibility of the installation status of safety signs, ultimately achieving observable levels
(Figure 12b). Using the proposed image processing method, the installation state and
contents of the safety signs can be clearly observed.

(@) (b)

Figure 12. Identification of the attachment state and content of the safety sign; (a) Original image;
(b) After improvement.

Workers must wear hard hats as personal protective equipment (PPE) during con-
struction work to ensure safety in the event of an accident. At construction sites, managers,
including those who are responsible for safety, should ensure that workers wear hard hats.
Monitoring all areas of large construction sites is difficult because certain workers work
without PPE, such as hard hats. In particular, it is challenging to monitor whether PPE is
worn by workers on climbing formworks using UAVs, primarily owing to the presence
of construction safety nets. It is difficult to determine the number of workers wearing
hard hats, as shown by the red circle in Figure 13a. However, in the image improved by
the proposed image processing method, the identification of internal work was enhanced.
As shown in Figure 13b, it is evident that the two workers were wearing yellow hard hats.
Using the proposed method combined with UAVs, construction managers do not need to
directly access the climbing formwork to inspect the compliance of workers with safety
and protective equipment. A more effective means of safety management is anticipated
because the workers can be easily monitored from outside the climbing formwork.

(@) (b)

Figure 13. Inspection of workers wearing hard hats: (a) Original image; (b) After improvement.
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According to regulations, a ladder should be installed on the climbing formwork
to facilitate the movement of workers between floors. However, its usability may be
compromised owing to inadequate installation conditions, such as poor installation quality
and failure to adhere to proper installation intervals. The installation status of the ladders
is challenging to observe, despite using UAVs to capture the footage outside the climbing
formwork, as indicated by the red square box (Figure 14a). However, when the proposed
image processing technology was utilized, installation of the two blue ladders connecting
the layers of the climbing formwork became evident (Figure 14b). The proposed image
processing method is expected to enhance the effective management of ladder installations
on the climbing formworks by externally enabling the observation of ladder installation
defects using UAVs.

(@ b

Figure 14. Installation status of climbing formwork ladder: (a) Original image; (b) After improvement.

A work platform should be placed in the climbing formwork to guarantee the safety
and movement of workers. It should be correctly installed without bending or deformation
in accordance with the regulations. Moreover, the incorrect installation of a work platform
can potentially lead to accidents, including falls or tripping incidents, when workers
navigate the platform. When inspecting a work platform in a climbing formwork using
UAVs, it is difficult to observe whether it is properly installed according to regulations
owing to the construction safety net (Figure 15a). When the proposed image processing was
applied to the original image, the work platform in the region delineated by a red circle was
apparently inadequately installed (Figure 15b). Therefore, the proposed image processing
method can easily be employed for safety management by observing the installation state
of a climbing formwork plate from an external view.

(a) (b)

Figure 15. Installation status of work platforms: (a) Original image; (b) After improvement.
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4.3. Results of 3D Modeling Utilizing the Proposed Internal Observation Method

Safety management at construction sites can be vulnerable to accidents owing to the
extensive deployment of personnel engaged in a variety of tasks over a large area. Site safety
management faces limitations owing to the shortage of personnel to oversee expansive
areas. Therefore, utilizing 3D models of construction sites is effective for simplifying the
observation of spaces within the construction safety net that are typically difficult for safety
managers to access and monitor. The 3D model was developed using improved images to
aid safety management.

Because the original image was 2D, only one side of the climbing formwork was observ-
able, and the internal examination was hindered, owing to the presence of the construction
safety net (Figure 16a). The image processing method was applied to 100 original images
to enable the identification of internal objects, and these were combined via 3D modeling.
The internal components of the climbing formwork, known for their limited accessibility
and observation by safety managers, became visible from various perspectives through the
application of 3D modeling (Figure 16b). It can be clearly confirmed that the inside of the
climbing formwork, which could not be seen in the original image due to the safety net,
could be observed through a 3D model using the improved image by the image processing
method. Therefore, it can be seen that the proposed method is effective. It is noted that
certain distortions were encountered during the 3D modeling process, which were attributed
to insufficient image information for accurately matching the corresponding areas in the 3D
model. This issue can be resolved by utilizing UAVs equipped with high-quality cameras or
improving location accuracy by adding GCP.

@) (b)

Figure 16. Comparison of experimental images and 3D modeling results after image processing:

(a) Experimental image; (b) 3D modeling after image processing.

4.4. Quantitative Validation of the Proposed Image Processing Method

The proposed image processing method was quantitatively validated using Peak
Signal-to-Noise Ratio (PSNR) and Structural Similarity Index Measure (SSIM) in Google
Colab [36]. PSNR is a metric used to measure the quality of an image compared to an
original image. It is expressed in decibels (dB) and calculated using the Mean Squared
Error (MSE) between the original and processed images. MSE measures the mean square
differences between corresponding pixel values of the original image I and the processed
image K (image size m x n). MSE and PSNR are as follows:

n—

Y [16,) = K(Go )P, @

1
j=0

1 m—1
E = —_— =
MSE = —— Z;O
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MSE ©)

2
PSNR = 10log, (MAXI )
where MAX] is the maximum possible pixel value of the image, such as 255 in 8-bit
grayscale image.

A higher PSNR value generally indicates less distortion and therefore generally better
image quality. SSIM is designed to evaluate the perceptual similarity between two images
by considering luminance, contrast, and structural similarities. Unlike PSNR, which mea-
sures absolute errors, SSIM evaluates how similar the processed image is to the reference

image from a human visual perspective.

(12 + w2+ C1)

SSIM X, — 7
(x/y) (02 4+ 02 + Co) (2pxpty + C1) 202y + C2)

(6)

where i, and ji,, are the mean intensities of images x and y. 0% and 0‘5 are the variances of
images x and y. oy, is the covariance between the two images. C; and C; are small constants
to prevent division by zero. The SSIM value ranges from -1 to 1, with 1 indicating perfect
similarity, 0 suggesting no similarity, and negative value implying structural dissimilarity.

Table 3 shows the PSNR and SSIM measurements for the images to which the proposed
method in Figures 11-15 was applied. Figure 11 shows the highest PSNR, followed by
Figure 14. In the case of SSIM, it was evaluated to be the highest in Figure 14.

Table 3. Comparison of quantitative values of image processing performance using PSNR and SSIM.

Values Figure 11 Figure 12 Figure 13 Figure 14 Figure 15
PSNR (dB) 29.46 dB 27.90 dB 27.85dB 28.04 dB 27.84 dB
SSIM 0.0423 0.2808 0.1715 0.3119 0.2732

In this study, the entry-level UAV models with low price were used to verify the
proposed method. A camera resolution, sensor quality, GPS, and IMU are the main items
that determine the price of the UAV. High-level UAV models provide high resolution,
distortion correction functions, and stable aircraft flight capabilities, so more accurate
images can be obtained through the use of high-level UAVs. Although it is difficult to
generalize the performance shown in entry-level UAVs to other UAVs, it can be expected
that better results can be obtained if a high-level UAV is used.

5. Conclusions

This study proposes a method for observing the inside of a temporary structure with
a construction safety net using image processing, unmanned aerial vehicles (UAVs), and
3D modeling. The applicability and effectiveness of the proposed method were verified by
experimentally testing a small-scale temporary structure covered with a safety net and a
field test for a climbing formwork; the following conclusions were drawn.

Two image processing techniques, including the histogram equalization and grayscale
stretching techniques, were applied to observe the internal objects in temporary structures
covered with construction safety nets, to ensure the safety of workers and prevent falling
from significant heights. The installed construction safety net was composed of a single
material, and when the captured image was analyzed, it was composed of a certain pixel
value. The pixel values constituting the image of the construction safety net were believed to
be biased, and the resolution was improved by equalizing this bias. A grayscale stretching
technique was applied to prevent excessive equalization, which is a disadvantage of this
technique. Moreover, 3D modeling can be used to observe a wide area from various angles.
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Therefore, the possibility of using it to check the structural deformation of a temporary
structure was identified.

The applicability of the internal observation technology for a temporary structure at a
construction site was estimated by selecting a target object in a climbing formwork that
was temporarily installed and used at a high-rise building construction site. The improved
images obtained by the proposed method clearly identified the four test objects (safety signs,
PPE, etc.) whereas the original image did not. Therefore, implementing the proposed
technology in temporary structures with construction safety nets can help prevent safety
incidents for workers operating in areas that pose challenges to safety managers in terms
of accessibility and oversight.

The efficiency of the proposed method may vary depending on the colors, materials,
and denier values. The limitation of this study is that the colors of the applied construction
safety net are blue and gray, and only one denier value was applied. This limitation makes
it difficult to expect consistent performance depending on the field conditions. However,
this study verified the possibility of observing the internal objects of a temporary structure
covered with a safety net at a construction site using an UAV. Future research will be
performed on various variables of construction safety nets, such as the color and denier
values. Additionally, research will be conducted to evaluate the impact of external factors
such as weather, illumination, backlighting, and the hardware capacity of UAVs on the
performance of the proposed method.
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